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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS UNCU\SS‘F“ED

RESEARCH MEMORANDUM

AN ANATYTTCAL, EVALUATION OF THE EFFECTS OF AN AERODYNAMIC
MODIFICATION AND OF STABILITY AUGMENTERS ON THE
PITCH-UP BEHAVIOR AND PROBABLE PILOT OPINION
OF TWO CURRENT FIGETER AIRFLANES

By Melvin Sadoff and John D. Stewart

SUMMARY

The effects of a wing modification and of stability augmentation
on the computed longitudinal behavior in the pitch-up region and probeble
pilot opinion of the pitch-up characteristics of two current fighter air-
planes are presented.

The computatlons indicated that the addition of a wing leading-edge
extension to one of these airplanes would (1) reduce the pesk and over-
shoot angles of attack for all flight conditions investigated, with the
exception of those at tske-off speeds, and (2) should improve probable
pllot opinion of the pitch-up behavior from unacceptable to unsatis-
factory - the category of the elevator-controlled F-84F and F-86A
airplanes. Added pitch damping provided by a simple pitch demper with
constant gain did not materially reduce the response overshoots and
would not be expected to improve pilot opinion on this airplsne. One
beneficial effect attributable to the pltch damper, however, was & reduc-
tion in the peak positive maneuvering tail-load increments.

For the other fighter airplane, the computations indicsted that
added pitch damping provided by a simple pitch damper with nonlinear gain
reduced the pesk and overshoot values of angle of attack significantly
for all flight conditions considered but the landing approach. This
should improve the probable pilot opinion of the pitch-up bebhavior for
this airplane from unacceptable or unsatisfactory to umsatisfactory but
accepteble - the rating category for the YF-86D and F-86F airplsanes.

The results for this sirplahe equipped with a stick pusher, which is a
device intended to prevent pitch-up sltogether, indicated that the pitch-
up region was generally avoided with this devlce operating, even far
extremely repld msneuvers. Comperison of two versions of this device
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showed thaet care must be teken in the design of such systems to minimize
reductions in the maneuvering capabllities of the airplane.

INTRODUCTION

Design considerstions for supersonic fighter sirplanes may, in some
cases, lead to configurations which would be expected to have a severe
pitch-up problem at high angles of attack. Three possible spproaches to
this problem are the use of aderodynamic modifications, stability augment-
ers, and devices for preventing entry into the pitch-up region. Gener-
ally, the approach selected would be based on careful welghing of several
importent factors, such as possible performance losses due to extensive
aserodynamic modification, the complexity of the stability augmenters or
pitch-up preventers required, and the magnitude of the basic piltch-up
problem.

In reference 1 an analytical study of the comparative pitch-up
behgvior of several alrplanes is presented and the computed results are
correlated with dccumented pilot opinion. By comparison of the com-
puted pitch-up characteristics of new airplane designs with the corre-
sponding results from reference 1, the probable relative severity of
pltch-up and the associated probable pilot opinion of pitch-up may be
determined prior to gactual flight experience. Applied in this manner,
the method is also useful for investigating the effectiveness of aero~
dynamlc modifications or of automatic conirol devices in altering the
severity of pitch-up on existing airplanes. This method for estimating
probable relative severity of piltch-up is based on only the longitudinal
dynemic behavior in the pitch-up region. The effects of other modes of
motion such as roll-off, directlonal divergence, and spin entry are not
considered. Although beyond the scope of the present study, some con-
sideration should be given to the posslble adverse effects on pilot
opinion of these other modes of motion; this could be based on an inspec-
tion of wind-tunnel rolling- and yawing-moment data in the pltch-up
region.

In the present report the three approaches to the pltch-up problem
noted above, that is, the use of aerodynamic modifications, stability
augnenters, and devices for preventing entry intc the pitch-up reglom,
are assessed in the light of theilr specific appllication to two example
supersonic alrplenes - the F-101A and F-104A airplenes. The methods of
references 1 and 2 sre used to evaluate the effects on the pltch-up
behavior and on probable pilot opinion of pitch-up of a wing leading-edge
modification and of added pitch damping on the F-10lA alrplane and of
added pitch damping on the F-10MA airplane. Also presented are the
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results of an anslog study of the.effectiveness of a limiting device,
referred to as a stick pusher, for preventing pitch-up altogether on the
F-10kA airplane.

7 DESCRIPTION OF AIRFPTANES

Basic Airplanes

The two example superscnic fighter airplanes considered in the
present study are the McDonnell F-~10lA and the Lockheed F-10kA airplanes.
Two~view drawings of these airplanes, hereinafter referred to as air-
Planes A end B, respectively, and their pertinent physical characteristics
are presented in figure 1 and table I, respectively.

Wing Modification

In addition to the basic airplane A, a configurstion with the wing
leading-edge extension modification shown in figure 2 was also studied.

Stability Augmenters

Pitch dampers.- Two types of pitch dampers were comsidered in the
present study. For sirplane A, s piltch damper was considered which
increased the total pltch damping to five times that of the basic
airplane. TIn this case, it was assumed the damper was operative at all
times with a gain constant of 51t/v. (See Appendix A for definition of
symbols.) A block disgrem of this linear pitch damper is presented in
figure 3. For airplasne B, a pitch damper with a gain of 5zt/v was
again assumed. For this case, however, it was assumed the damper becomes
operative only in the pitch-up region. The set-up assumed for the analog
computaﬁ?ons for this nonlinesr damper is shown in block-disgrem form in
figure 4.

Stick pusher.- The stick pusher is a device designed by Lockheed
Aircraft Corporation to 1limit the sttainable airplane angle of attack to
values below those at which pitch-up occurs. The assumed operstional
envelope for the stick pusher, provided by lockheed, is shown in figure 5.
When the combined signals from sensors sensitive to pitching velocity and
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engle of attack reach a predetermined velue established by this envelope,
an action signal is transmitted to the solenoid valve actuator assembly
which in turn moves the stebilizer and cockplt stick in unison to the
trim position (i.e., the position for zero stick force in steady level
flight). If the pilot does not attempt to override the device, the
stabilizer returns to trim at the rate of sbout 20° per second. A block
diagram, assumed to represent the stick pusher for the analog computa-
tions, is shown in figure 6.

METHCD AND PROCEDURE

The dynamic behavior of airplenes A and B in the pitch-up region
was computed by means of the evaluation meneuver and the basilc equations
of motion presented in reference 1. A representative time history of
the evaluation maneuver from reference 1 is reproduced in figure T. For
the present study, since wind-tunnel data indicated s large decrease in
control effectiveness in the pitch-up region for these two airplanes,
these equations of motion were modified to include this effect. Also,
the equations were rewritten in terms of absolute rsther than incrementel
(from n = lg) values of Cp{a) and Cp(a) since it was desired to record

absolute values of a and n. The modifled equations are:
. )
-mv({8 - a) = [—CL(G.) + cmss(a,) oy 55} aS + W (1)
and

be' = [cm(a) + (cmé + Cma>a + KIT*‘ cmﬁs(m)& + cmss(a)as] qSc (2}

Several flight conditions were selected for analysis for each airplane.
These are presented in the table below.

Altitude, Center of gravity
Airplane Mach number £t Configuretion location,
c

A 0.25 Sea level|j Take-off 0.286
.85 35,000 Clean .286
1.20 35,000 Clean .286

B .23 Sea level| Landing .20

approach
.80 35,000 Clean 07
975 35,000 Clean O7

SN
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The basic aerodynamic data for these flight conditions were obtained
from wind-tunnel measurements provided by Lockheed and McDonnell and are
presented in figure 8 and in table I.

RESULTS AND DISCUSSION

This section is divided into two main subsections. In the first,
the computed plitch-up behavior of the two example airplanes for all the
flight conditione consldered is dlscussed in some detail. Particular
emphaslis is placed on the effectiveness of the wing modificatlion and of
the linear pitch desmper on airplane A and of the nonlinesr pitch damper
on sirplane B in minimizing the peak asngles of attack and the wing and
tail loads in pitch-up maneuvers. Also, the effectiveness of a prelimi-
nary version of the Lockheed stick pusher for preventing entry into the
pitch-up region is assessed. In the second section, the effects of the
wing modification and of the pitch dampers on probable pilot opinion of
the pitch-up behavior of airplanes A and B are presented and discussed.

With the exception of the teke-off and landing-approach conditions,
all results are presented for Initial stick-deflection ramps correspond-~
ing to an average load-factor entry rate into the pitch-up region of
approximately 0.5g per second. For the low-speed £light conditions, the
initiel stick-deflection ramps were programmed to provide a gradual
stall entry comparable to that used by Ames pilots in evaluating lg
stall characteristics.

Computed Pitch-Up Behavior

~N

The results of the computations are presented in figures 9 through 17T.

Computed pitch-up time histories for the two example airplanes for the
various flight conditions comsidered are shown in figures 9 and 12. Fig-
ures 10, 11, 13, and 1% show the varilations with recovery-control rate of
the overshoots in airplane angle of atbtack and load factor and of +the
maneuvering tail-load increment for airplanes A snd B. In figures 15
through 17, the effect of stick-pusher operation on the maneuvering
boundaries of alrplane B is shown. Figures 15 and 16 also show the
boundaries for the onset of buffeting and lateral unsteadiness provided
by Lockheed from flight-test results.

Effect of wing modification.- The effects on pitch-up of the wing
modification, as applied to sirplane A, may be determined by comparing
the basic and modified airplane A results in figures 9, 10, and 11. The

C MRSkl
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results indicate some improvement in the behavior of the airplane at Mach
numbers of 0.85 and 1.20. The peak angles of attack and overshoots are -
lowered about 20 to 30 percent at the lower recovery-control rates. This
order of inmprovement may be sufficient to reduce the possibllity of
inadvertent spin entries at moderate subsonic Mach numbers. At a Mach
number of 0.25 at sea level (fig. 9(c)), no improvement 1s observed,
since no recovery occurs either for the basic or the modified ailrplane,
even at the maximum recovery-control rate of 30 per second, within the
avellable dats limits. An apprecisble increase in stability just prior
to the unstable break (fig. 8(c)) may, however, provide sufficient
warning to prevent insdvertent pitch-ups at low speeds.

The results for a Mach number of 1.20 gt 35,000 feet showm in fig-
ure 9(b) alsc Indicate that critical wing loads may be experienced durilng
supersonic pitch-up maneuvers for both the basic and modifled sirplanes.
Pesk airplane load factors of 8 to 9g, corresponding to overshoots of
3 and lg, are shown for this flight condition (see figs. 9(b) and 11(a)).

The effects of the wing modif'ication on the maneuvering tail-loasd
increments are relatively small. Pesk values of about 10,000 pounds at
& Mach number of 0.85 and 22,000 pounds at a Mach number of 1.20 are shown
in figures 10(b) and 11(b). It should be recognized that these values
refer only to the out-of-balance portion of the totel maneuvering tedll
load. They do not include the tail loads required for balance. Addi-
tional information i1s presented in Appendix B relative to maximum posi-
tive and negative total maneuvering tail losds 1In pltch-up maneuvers for
two of the flight conditions considered for airplane A in the present
study.

Effects of linesr pitch damper.- The effects of increased pitch
damping on the pltch-up behavior of airplane A were first investiggted
by arbitrarily increasing the pitch demping Mg to five times the normal
damping at low angles of attack. The actual decrease in control effec- -
tiveness was not teken into account in this initial study, The results
obtained (figs. 10 and 11) indicated a sufficient order of improvement
in the pitch-up characteristics to warrant further investigation of a
pitch dsmper which realistically reflects the large decreese in control
effectiveness of the airplane at high angles of. attack (fig. 8). The
type of pltch damper assumed for the enalog computations is shown in .
block-disgram form in figure 3. The computed results with this damper
operating (figs. 9, 10, and 11) show that relatively smell reductions in
the peak and overshoot sngles of attack and load factors were realized _. S
with thls type of damper.

Beneficial effects attributeble to normsl operation of the linear
pltch demper are a reduyction in the severity of the recovery transients
(lLower negative pesk 6) and an assoclated reduction in peak maneuvering
tail-load increments to about 50 percent of the values for the bhasic "
alrplane. " (See figs. 10(b) and 11(b).)

CONREREIN.
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Effect of nonlinesr pitch damper.- Initially, a pitch damper with
constant gain similar to the type assumed in the analysis on airplane A
was investigated on airplane B. However, since no appreciable reduction
in the overshoots was noted with this type of damper, it was decided +o
try the nonlinear type shown in block-disgram form in figure 4. It may
be seen from the inset figures that the gain was nonlinear, varying from
0 for o < a¥ to 51t/V for a > ao*. The pltch damper thus becomes oper-

ative when two conditions are satisfied, that is, « exceeds some critical
value Ta¥ (in the present case o at eth) and 8 exceeds eth- The damper

remains in operation until either @ attaine s predetermined lsrge nega-
tive value of the order of 5 radians per second squared or o decreases
below the criticel value o¥. The effecta of this damper on the pitch-up
behavior of airplane B are shown in figures 12, 13, and 1lk. These results
show that the nonlinear pitch damper effects an appreciable improvement
in the pitch-up behavior for all flight conditions with the exception of
the landing approach. For example, at a Mach number of 0.80 at 35,000
feet, the peak angles of attack were reduced from values somewhat in
excess of 28° to about 24° at low recovery-control rates (fig. 12(a)).

The overshoots and maneuvering tail-loasd increments (fig. 13) are roughly
only 50 percent of comparable values for the basic sirplane. At a Mach
number of 0.975, the g e of gttack and airplane load factor were
reduced from about 32° to 27° and from 7.2g to 6.6g, respectively, at a
recovery-control rate of 20° per second (fig. 12(b)). The results in
figures 13 and 14 indicate that the effectiveness of the pitch damper
apparently incresses as the recovery-control rate is reduced below 20° per ~——m0
second. Also shown in figures 13 end 1k is the beneficial effect of the
pitch damper in reducing the maneuvering teil-load incremeniti fram sbout
12,000 to 6,000 pounds.

It should be pointed out that the pitch demper system illustrated
in figure 4 was designed to investigate only the principle of switching
on the dsmper as a functlion of both o and 6. Questions of system relia-
bility, servo authority, and methods of mechanization were not examined.
Also, the indicated improvement in the pitch-up behavior of airplane B
due to the pitch damper would be realized onlty if the reductions in peak
engles of atbtack were sufficlent to prevent or minimize the possibility
of spin entry or other uncontrollsble motions in roll and yaw. This would
have ‘to be established by referring to wind-tunnel date on the rolling
and yawing derivatives at high angles of attack for this airplane.

LIn the present study, it was convenient to select o¥* as the value
of a at which eth was attained for an n of 0.5g per second. How~

ever, other values for a* could be selected (e.g., velues corresponding
to a Cma of zero at various Mach numbers). It is only necessary to

gselect o* at 8 level sufficiently high that the damper does not become
operative during abrupt maneuvers below the pitch-up region.
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Effect of stick pusher.- As noted previously, the stick pusher is a
device designed to limit the attainsble airplane angle of attack below
those at which pitch-up cccurs. This device in block-dilagram form is
shown in figure 6. In an attempt to simulate partial overriding of the
device by the pilot, a recavery-control rate of 15° per second, in addi-
tion to a maximm recovery-control rate of 250 per second, was assumed.
Also, various wvelues of control-system time constant T from O to 0.5
seconds were considered. In addition to the normal masneuver rate of
0.5g per second,® rates of 1 and 3g per second were investigated to check
the operation of the device in rapid maneuvers. With the exception of
the case at 0.80 Mach number and 35,000 feet, for which a pesk angle of
attack of 17O was attained (for assumed values of 1, T, and Ssrec of

3g per second, 0.2, and 15° per second, respectively), no significant
effect was noted with varietions of these quentities within the limits
investigated. The following discussion 1s, therefore, primarily concerned

with the results obtained for values of 1, T, and ssrec of 0.5g per

second, O, and 25° per second, respectively.

Figure 12 presents comparstlve time histories for airplasne B illus-
trating the operation and effect of the stick pusher. It is spparent
that the device performs its function well; that is, the maximum values
of o attalned are well below those where pitch-up is experienced.
However, some loss in the maneuvering capabilities of airplane B is indi-
cated as shown by the results in figures 15 and 16. In these figures, the
meximum velues of «, Cr,, and n, attainable for the alrplane with the
stick~-pusher system operating, are compared with values corresponding to
8 Cm, of zero and the meximum vaelues attained with the basic airplane

in pitch-up maneuvers for & recovery-control rate of 20° per second. The
permissible steady-state maneuvering accelerstion boundasry as a function
of Mech number, based on the zero Cp, Dboundary furnished by Lockheed,

is shown in figure 1T7. Also shown in figure 17, are two boundaries which
represent limitations Imposed in gradusl meneuvers (4 ~ 0) by two versions
of the stick pusher. The lower curve represents results of the present
study for an early version of the stick pusher for which an operational
envelope furnished by the manufacturer (fig. 5) was assumed. Subsequent
to the completion of the present investigation, an improved version of the
stick pusher was developed by Lockheed which reduced the maneuverability
loss to that indicated by the upper stick-pusher boundary in figure 17.
This improvement was effected primerily by the lncorporation of a so-called
washout cilrcult which reduces the magnitude of the contribution to the
stick-pusher activation signal in gradual maneuvers (see ref. 3).

2For the landing-approsch conditions (M = 0.23 at. sea level), the
stebilizer entry rate was programmed to provide a grsdusl stall entry
rate similar to that used by Ames research pilots in evaluating low-
speed or lg stall characterlstics.
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Probable Pilot Opinion

In this section a qualitative gsssessment is presented of the effect
of a wing modificetlon and of pitch dampers on probable over-gll pilot
opinion of the pitch-up behavior of two exsmple supersonic airplsnes.
The predictlion is based on & comparison of the computed angle-of-atteck
and load-factor overshoots for these alrplenes with the corresponding
values from reference 1 for six reference airplanes for which pilot
opinion was obtained. The f£flight conditions selected for the evaluation
are 0.85 Mach number at 35,000 feet for airplane A and 0.80 Mach number
at 35,000 feet for airplane B, since these flight conditions corresponded
closely to those for which pilot opinion was provided for the six refer-
ence airplanes (i.e., M = 0.90 at 35,000 £t).

It should be pointed out that the procedure outlined in reference 1
for estimating probable pllot oplinion of pitch-up is based only on the
longitudinel dynamic behavior in the pltch-up region. The effects of
other modes of motion, such as roll-off, directional divergence, or spin
entry, are not considered. IFf these other modes of motion are suspected
to be importent in a given case, comparisons, such as those presented in
the following sections, should serve as a preliminsry guide to the prob-
able relative severity of pltch-up. Although beyond the scope of the
present study, a supplementary snalysis of the importance of these other
modes of motion should be made based on wind-tunnel rolling snd yawing-
moment date at high angles of attack. Reference 4 presents such data for
a model similar in configuration to that of airplene B.

Effect of wing modification.- Figure 18 presents a comparison of the
overshoots at 0.85 Mach number and at 35,000 feet for several configura-
tlons of airplene A with values teken from reference 1 for the six refer-
ence girplanes. These results indicate that the attitude overshoots for
the basic airplasne (fig. 18(a)) sre as much as 50 percent greater than
those for any of the reference sirplanes and would probably result in an
over-all pilot opinion of pitch-up (based on question V of table IT) of
unacceptable, particularly if the airplane were precipitated into an
ingdvertent high-speed stall or spin. A description of the pllot rating
schedule used is presented in teble ITI. The effect of the wing leading-
edge extension (fig. 2) was to reduce the angle-of-attack overshoots to
values comparable to those for the F-84F airplane at low recovery-control
rates and to values between those for the F-84F and F-100A sirplanes at
the higher recovery-control rates. Since there is some evidence presented
in reference 1 that the pilot forms bis opinions on the basis of sn
airplaene's behavior at low recovery-control rates, the pilot opinion for
this configuration (airplene A) should be comparsble to that for the
elevetor-controllied F-84F airplane, perticularly if an inadvertent spin
entry or other unsymmetrical maneuver is avoided. Although this indicated
improvement in pilot opinion from unacceptable to unsatisfactory may not

Colma—..
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be considered significant on the example airplane which has a severe
pitch-up problem, these results should not rule ocul the use of reletlvely
simple aerodynamic modifications (such as that considered here) in other
cases with basically less serious pitch-up problems. For example,
flight-test results presented in reference 5 indicated that the addition
of a wing lesding-edge exbtension eliminated pitch-up entirely over most
of the speed range of an alrplane with a moderately severe pitch-up
problem.

The results in figure 18(b) also indicate that the load-factor over-
shoots for both the basic and modified alrplane A are moderate and com-
parable to values computed for the F-100A airplane. This 1s due
principally to the higher wing loading and lower lift-curve slope in the
pltch-up region for airplane A.

Effect of linear pitch dsmper.- Figure 18 presents a comparison of
the angle-~of-attack and load-factor overshoots, with and without the
linear pitch damper operating on alrplane A, with corresponding values
for the gix airplanes Investigated in reference 1. The effect of the
linear pltch damper on the pitch-up behavior of airplane A was to reduce
the o overshoots ebout 10 to 20 percent (fig. 18(a)). It is apparent
that these relastively small reductlons in gvershoot would not be expected
to materially Improve probable pilot oplnion over that for the basic
airplane. Despite the lack of effectiveness of the type of pitch damper
assumed in the present calculstions, it is felt further consideration of
some form of pitch damper is warranted, particularly in view of the more
encouraging results obtained with the nonlinear type of piltch damper
assumed for airplane B.

It should be pointed out that while the linear pitch damper was
relatively ineffective on the example girplane which bas s severe pitch-
up problem, a similar spproach on ailrplenes with milder piltch-up tenden-
cies may prove somewhat more effectlive and should be considered as one
possible approach to the problem.

Effect of nonlinear pitch damper.- Figure 1G presents a comparison
of the angle~of-attack and load-factor overshoots, with and without the
nonlinear pitch damper for airplsne B, with corresponding values for the
six airplanes considered in reference 1. TIn view of the large attitude
overshoots and the associated extreme angles of attack (amgx > 28.6°)
indicated for the basic airplane B at the lower recovery-control rates,
probeble pilot opinion should range fram unsatisfactory to unacceptable
(see table III).

Comparison of the overshoots for the nonlinesar pitch-damper configu-
ration with those for the basic airplane B in figure 19(a) indicates that
the demper reduces the a overshoots to vaelues comparable to those
experienced by the YF-86D airplane. The probable pilot opinion

~oS,,
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corresponding to these overshoots should be unsatisfactory but acceptable.
It should be mentioned in connection with the Iinterpretation of these
results that the pesk angles of attack even with the pitch damper oper-
ating are still of the order of 24° to 26° at the lower recovery-control
rates (fig. 12) because of the relatively high angles of attack associated
with onset of pitch-up. Poor controllability in roll and ysw at these
high engles of attack may affect pilot opinion adversely and cannot be
accounted for by the type of comparison shown in figure 19.

Por sirplanes with somewhst milder pitch-up tendencies than those
considered in the present study, this approach should prove effective in
minimizing the pltch-up problem to an acceptable degree.

CONCLUSIONS

An analytical evalustion has been made of the effects of a wing
modification and of stability augmentation on the pitch-up behavior and
probable pilot opinion of the pitch-up characteristics of two fighter
alirplanes with severe pitch-up tendencles. Pitch-up behavior was com-
puted for several flight conditions, while pilot opinion was estimated
for these two airplanes for a Mach number of sbout 0.9 at 35,000 feet.
The results of this analytical study indicated the following:

1. The addition of the wing leading-edge extension to airplane A
reduced the peak and overshoot angles of gttack for the lower recovery-
control rates about 20 to 30 percent st Mach numbers of 0.85 and 1.20.
This order of improvement may be sufficlent to reduce the possibility of
inadvertent spin entries at the lower Mach number. At the higher Mach
number, an increase in the maneuvering capability before onset of pitch-
up of about lg wlith no penalty in increased losd factor was obtained due
to a decrease in overshoot load factor.

2. Probeble pilot opinion of the pitch-up behavior of -the modified
airplane A at g Mach number of 0.85 at 35,000 feet should be improved
from unacceptable to unsatisfactory - the category of the elevator-
controlled F-84F and F-86A airplenes.

3. The effect of added pitch demping, provided by a simple pitch
damper with constant gain, did not materislly reduce the overshoots on
airplane A and would not be expected to improve pilot opinion apprecisbly.

L4, For alrplane B, added pitch demping, provided by a pitch damper
with nonlinear gain, reduced the peak and overshoot wvalues of angle of
attack significantly for all £light conditions considered except the
landing approach. !

conS NGy
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5. Probable pilot oplnion of the pltch-up behavior of alrplsne B
with added pitch damping at a Mach number of 0.80 at 35,000 feet should
be improved from unaccéeptable or umsatisfactory to unsatisfactory but
acceptable - the rating for the YF-86D and F-86F airplanes.

6. The effect of the stick pusher was to prevent the attailnment of
angles of attack at which pitch-up occurs for airplane B. Results for two
versions of this system indicated that care must be taken to insure that
the maneuvering capabilities of the sirplane are not compromised.

Ames Aercnautical ILaboratory
National Advisory Commlittee for Aeronsutics
Moffett Fleld, Calif., Nov. T, 1957



NACA RM ASTKOT BSC el 13

APPENDIX A
SYMBOLS
Cr, airplane 1ift coefficient, &%
Cn airplane pitching-moment coefficient about airplane center of
gravity, %%

9 wing mean serodynamic chord, £t
g acceleration due to gravity, 32.2 ft/sec2
Iy airplane pitching moment of inertis, slug-ft2
hp pressure eltitude, £t
K parameter denoting the ratio of alrplane damping to

horizontal-tail damping

K, K constants defining operational boundary for Lockheed stick

pusher
g distance from eirplsne center of gravity to aerodynamic
center of horizontal tail, ft
L eirplane 1ift, 1lb
Lg horizontal-tail 1ift, lb
Alrt'e' maneuvering tall-load increment, i{-:—
m . airplane mass, g, slugs
Mcg pitching moment about airplane center of gravity, £t-lb
N airplane normal force, assumed equivalent to
[CL(cc.) - Cmss(“) % as] aS, 1b
n airplane normal load factor, N

W

-
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increment in n from value at pitching-acceleration threshold
to  npax ' -

airplane normsl load factor due to «, asssumed equlvalent to
Cr,(a)gs
W

increment iIn n' from value at pitching-acceleration
threshold to np.y

load-factor rate at entry into pitch-up region, g/sec

2
dynamic pressure, 8%—, lb/éq £t

differentiel operstor

wing area, sq £t

horizontal-taill area, sq £t

time, sec

airplane velocity, ft/sec < -
airplane weight, 1b

airplane angle of attack, deg or radisns

increment in o from o¥ to oy,

value of o at pitching-accelergtion threshold, deg -
flight-path angle, radians
stabilizer angle, deg or radiens

stebilizer angle due to pilot stick deflection, deg or

radians .
stabllizer angle due to pitch damper operation, deg or

radlans o T T
angle of pitch, radians N

mess density of air, slugs/ftS3

TONTEE
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Cr, ()
Crm(cx)

th
rec

over

airplane longitudinal short-period damping ratio
control system time constant, sec

airplane longitudingl short-period frequency
curve defining variation of airplene 1lift coefficient with o«

curve defining variation of airplasne pitching-moment coeffi-
clent with o

curve defining variastion of stabillizer effectiveness with

1
+
a, —
Cmﬁs( ) v
KCmét(m)
pitch damping derivative due to piteh demper,
oty oy
—_— or ——— noted
7 Qmss(m) 7 <?m§é)a=0’ as
al_)
dat

a%e
equivalent notation for EEE

Subscripts

threshold value at which pilot is first cognizant of pitch-up
recovery
overshoot

maximum value
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APPENDIX B
HORIZONTAL~TATI, LOADS IN PITCH-UP MANEUVERS

In a previous section of this report the maneuvering tail-load incre-
ment Altg was presented as a function of recovery-control rate for

airplanes A and B. It was noted that this represents only a portion of
the total serodynamic load on the tail; that is, the balancing load was
not included, 1Iun this section a more complete anslysis which includes
the balancing tail load is presented for airplane A for Mach numbers of
0.85 and 1.20 at 35,000 feet. ' ' ’ T

Figure 20 shows the variation of the total aerodynsmic load and of
the maneuvering and balancing camponents with recovery-control rate.
Also shown in figure 20 are the values of angle of attack at which these
loads occur. It will be noted that these loads are referred to as
"first-peak"” and "second-pesk" loads. The first-peak totsl load is a
negative (down) load for stsble taill-off configurations and occurs shortly
after the onset of pitch-up at the time the peak positive pitching accel-
ergtion 1s attained. The second-peak total load may be elther negatlive
or positive and occurs at the time the pesk negative pltching acceleration
is reached during the recovery phase of the plitch-up maneuver. The
maneuvering component of this load was previocusly presented 1in figures 10
and 11. The first-pesk total loads in figures 20(a) and 20(c) were deter-
mined by adding the maneuvering component, -Iy(emax)/zt, to the balencing

component. Values of 6pgx are presented in figure 21 as s function of
recovery-control rate, and the balancling tail load was determined from
the tail-off pitching-moment curves in figure 22 at the values of angle
of attack at which &pgx occurred (fig. 20). In a similar manner, the
second-peak total loads in Figures 20(b) and 20(d) were determined.

These results 1ndicate that the flrst-peak loads are critical in
supersonic pilitch-up maneuvers where the pilot does not gttempt to check
the pitch-up; that is, zeroc recovery control rate in figure 20(c). At
subsonic speeds, the second-peak loads are generally critical in a posi-
tive sense where the pilot attempis to check the piltch-up by applying
rapid recovery control (fig. 20(b)).
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TABLE I.- AIRPLANE CHARACTERISTICS USED IN ANALYSIS
(2} Airplane A

Alrplane welght, 1D « o« + ¢ o « ¢ o « « o o ¢ « « = =« « « » « « 36,800
Airplane mass, SLUEZS « o « « o o o+ o & o o o o 4 e x 0w 44 . 1,1lk2
Airplane pitching moment of inertia, slug-ft2 e+ e e e e o« . 1h2,500
Wing area, sqg £t . « « « « . e e e e e e e e e e e e e e 368
Wing mean aerodynamic chord, ft e e e e e e e e e e e e e e 10.24

Center-of-gravity position, percent T . « o« o ¢ T ¢ ¢ ¢ o o o » 28.60
Horizontal-tell length, £ + ¢« v v o o 4 ¢ & o ¢ o o o « o o 28.80
Horizontsl tail

Deflection 1imits, deg . &« ¢« ¢« ¢« « ¢ & ¢« & ¢ o 2 o ¢« o o o« o« =20,+¥10
Maximum deflection rate, Geg/S8€C « « v & ¢ ¢« 4 o o e 0 . . 30
Mach number, 0.85 at 35,000 feet . . . . . . . . : -
Dynamic pressure, 1b/8d £t « o ¢ ¢ + ¢« o 4 0 e 0 0 e e . . 252
True velocity, ft/sec . . . . . . . . . c r e e e e 827
Cmg + Cmg, (assumed invariant with m), per radian per sec . . =0.1lh4k
1.25%%
Cmgs Per radlan DPer BEC « ¢ « v v s o o o o o o 4 o . v Cmss(a)
Mach number, 1.20 at 35,000 ft :
Dynamic pressure; 1b/8qd £t + « « « ¢ 4 o o 4 0 0w e b 0 o 502

True velocity, Ft/8€C « ¢ v ¢ v v v o ¢ o 4 0 4 v s 4 4 e e 1,168
Cmg + Cmg (assumed invarisnt with a), per radian per sec . . -0.09

1.2504
Cmgs Per radian Der S€C . - « « + o o = & v o o . . . 7 Cmﬁs(a)
Mach number, 0.25 at ses level '
Dynamic pressure, 1b/8q £t .« v ¢ 4 ¢ ¢ ¢ 4 4 e 4 e 0 s e . g8
Triue velocity, F£/S€C « « v v 4 et 4 et e e e e e e e e e 287
Cmg + Cmy (assumed invariant with a), per radian per sec . . -0.267
1. 257,t
Cmg, Per radian per s€c . - « . . . -+ o ¢ o o o . . . cm5 (a)
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TABIE I.- AIRPLANE CHARACTERISTICS USED IN ANALYSIS ~ Concluded
(b) Airplsne B
For design combat configurgtion:
Adrplene welght, Wy, 1D « « « « o o « « « o « o o o« « « s o « « 15,200
Airplane mass, My, BLUES .« « « « « ¢ o « o + o« o « s o o o o . L2
Airplane pitching moment of inertia, Iy s, slug-f42 . . .. . 56,655
Center-of-gravity position, percent T . . . . . . . . . . . T
Horizontal-teil length, 24, £t « « « ¢ v ¢ ¢ ¢ ¢ ¢ v o o & . 20.4
Mach number, 0.80 at 35,000 ft
Dynamic pressure, q, lb/sq_ 1 . 222
True velocity, V, ft/sec . . . e e e e e e e . 778
Cmg + Cmpg, (assumed invariant wn.th cx.) , per radlan per sec . -0.081
1. 25Z.|_._
Cmg, Per radian per sec .+ . « « « « « + o o . . . Cma ()
Mach number, 0.975 at 35,000 ft
Dynamic pressure, g, 1b/sq@ £t .« « ¢« ¢ ¢ v 4 v e 4 . . . . 330
True velocity, V, £t/sec . . . e e e e e e e e e e . . alg
Cmg + Cmg (assumed invariant with a), per radian per sec .  -0.093
1. 257,,5
Cmy, Per radian Per s€C . « . « « « o « ¢« o o . Cmﬁ()
Minimum landing weight configuration:
Airplene welght, W, 1b o « . « ¢ ¢ ¢ & o o o o o « o o « « « « 12,360
Airplene mass, M, BLUES « « « « « o & « « « o = o o« = o o o =« 38L
Airplsne pitching moment of mertia 3 Iy s slug-ft% . . . . . 52,752
Center-of-gravity position, percent © . . . .« . + . ¢« . . . 20
Horizontal-tail length, Tt, 5 » « « « o = « « « « « « « « « . 19.16
Mach number, 0.23 at sea level
Dynamic pressure, g, 1b/sq £t . « « « « « « « 4 4 o . . . 78
True velocity, V, £1/S€C ¢ ¢« v ¢ v 4 v ¢ o o v o o v o o o % 256
Cmg + Cmg, (assumed inveriant with a), per radian per sec . -0.145
1.25%
Cug, per radian per sec . . . . o ¢ .« . o . . . T—Gmss(a.)
Horizontal tail
Deflection limits, deg . . . . s e s e s e s s e e o @ =17.5,+5
Meximum deflection rate, deg/sec e e e e e o e s s e o = . 25
Wing area, S8, sgq £t . . . . . . e e e e e e e e e . 196.1
Wing mean aerodynamic chord, c, ft e ¢ e e s e e o s 4 e o . 9.54h
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TABLE IX,- QUESTIONNATRE FOR PILOT PITCH-UFP RATING

Is pitch-up region useful at all for maneuvering? Yes or No.
Consider the following situatlons:

A, If you are tracking a target alrplane and enter the pltch-up
region, what is your assigned rating of your sbility to
return to or remain on the correct flight path to continue
the tracking?

B. If you have entered the pltch-up region during a gunnery run,
what rating would you glve the alrplane as a gun platform in
the pitch-up region?

C. If rating for A and B 1s poor, is reason other than insuffi-
clent or inadequate controllability?

D. How would you rate this airplane with regard to the tendency
for a pilot to apply rapld and perhaps excessive control
during pitch-up recoveries?

Rate the pitch-up according to abruptness. (What is response
quantity which you feel is related to the abruptness of piltch-up?)

Rate the pitch~up according to overshoot load factor. (What is
your definition of overshoot load factor?)

What rating do you assign the airplane with regard to how much
pitch-up restricts or limits maneuverability of the alrplane?
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TABLE III.- PTLOT RATING SCHEDULE FOR PITCH-UP

0 Satisfactory - Satisfies stability and control requirements.

Marginally Satisfactory - Pitch-up barely perceptible. Does
not appreciably diminish usefulness of the
airplane in performing a desired task.
Abruptness of airplane response and over-
shoot in attitude or load factor during
pitch-up not much Increased over comparable
satisfactory eirplane, Little tendency for
the pilot to apply rapid and excesslve
corrective control.

n =

Unsatisfgctory but Acceptable - Pitch-up is more apparent. More
or less Aifficulty experienced in performing
the desired task. Abruptness of airplane
motion and overshoot in attitude or load
Pactor during pltch-up considerably increased
over that for marginally satisfactory air-
plane. There may be some tendency for the
pillot to apply rapid and perhaps excessive
corrective control.

U

Unsatisfactory = Pitch-up severe ranging from controlilable
only with the greatest difficulty to practl-
cally uncontrollable. Abruptness of alrplane
motions during pitch-up approaching degree
where pllot feels he has little or no control
over the overshoots in attitude or load factor,
which are relatively large. Increased tendency
for the pilot to apply rapid and excessive
corrective control.

-]

Una.cceptable ~ Plteh-up so severe that airplane is uncon-

9 trollable. The abruptness of the airplene

10 motions and the magnitude of the overshootis
are so extreme, even at high altitude, that
the pilot would not comsider approaching the
pltch-up boundary because of concern for the
structural integrity of the airplane. Some
possibility of entering into a spin or other
munusual maneuver from which recovery may be
difficult or impossible.
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67.45' -
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(a) Airplane A.

ft——— 21,83 ——

497" -

[/\@rﬁ ch

O

(b) Airplane B.

Figure 1.- Two-view drawings of the two example airplanes.
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Basic airplane

' Modified airplane

Figure 2.- Wing plan forms of. airplane A.
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Main servo
wy =D Cps
t = 0.7 critical
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Small servo
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Figure 3.- Block diagresm of linear pitch damper.
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BSP .

8 LY
Gain (.:2=—*)
. 8 v
é f/<'
5 a N
Airframe
8 a¥
+ Coil — _g Jodians + Coil ~
NO [ NO- sec? I—’N—-— NO | NO 4——
5 A | A +A | AT
*o NC [ NC - NC | NC
Relay L Relay
Servo Bt
|
|+§—;s r 5 s?
n wn

Assumed servo characteristics:

w, = 5 cps
§ =0.7 critical

Relay netation

NO — Normally open
A — Arm
NC - Normally closed

Gain schedule

30
20t M
a*
o) 2
o ] 1 ] ]
T 8 9 J0 1l
M
ae>a at 5,,,7
Gain . %2=5%
0 <a at B, ’

Figure 4.- Block dimgram of nonlineer pitch damper.
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Figure 5.- Typlcel operationael envelope for stick pusher.
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Relay notation

NO - Normally open
A Arm
NC - Normally closed

I 3

Tp+l ——=1 Airframe
Kmiter

(limits mox. recovery control Ssm to Ssmm) |
+ Coil —
Recovery com‘L_ NO No 1/
NP
e | ne 10
Relay
Pilot input

Ka+ K8 =1 where: K =00714; K, =179
(a given in deg, 6 in radians /sec )

Figure 6.~ Block diagram representing stick pusher for anslog study.
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-30
| | NN
Initial control Recovery control
-20 (n~ 05g/sec) <~ (rate is test variable)—
Incremental elevator )
position, A8,, deg T |
-lO /I |
<"Pilot response time
" (0.4 sec)
0
: Full down
l "~ elevator
Incremental angle of
attack, A e, deg N
i
| 7] V' Angle-of-attack
0 —— overshoot
4
]
Incremenfal oirplane AN\,
load factor, An, g ///’ - \
P M Airplane load-factor
0N nt overshoot —
Incremental airplane N
load factor due to 2 — T s
1 L
angle of attack, An', g — = T *C Airplane load-factor
o et overshoot (stick fixed)|___|
| Pitching acceleration thresholdy | ﬂ
— {0.I5 radions /sec?} 7
Pitching acceleration, 9,
radians/sec?2 |
_2 /“
4,000 ﬁkq
Maneuvering ftail-
load increment, o) !
(ALr,.., Ib) NJ4saximum maneuvering
8 tail-load increment
_4’000 ] 1 1 (i 1 1 I
(0] 1 2 3 4 5 6 7 8 9
Time, sec

Figure 7.- Time history of standard pitch-up evaluation maneuver.
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.6 T T T 1
Basic airplone—\
1.2 =1
44_’
/:,-— -
8 2 e \-Modified airplane —
CL \‘\\ - | ]
4 A \\\\5<'/ Basic uirplune-\//
/;4 \\,\\\
N—]
o Cm O // \\\\\\‘ \\
;\\W\ —/‘ - \\\/.
_.4 - l \_—" / = =~
Modified airplane -
-2
Note:
Basic airplane data
extrapolated beyond
a=28°
-3
-2
|~ P—]
Cmss » Per N - - ~— Extrapolated
' radian I — Basic and modified N _\
- airplane
P \\1 \
~— \\“‘
OO 4q 8 12 16 20 24 28 32 36

a, deg
(2) Adrplane A; 8g = -49; M = 0.85; hp = 35,000 feet.

Figure 8.- Aerocdynamic characteristics of the two fighter airplanes obtained from
wind-tunnel measurements.
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1.6

Figure 8.- Continued.

W*A

(b) Airplane A; dg = -4%; M = 1.20; hp = 35,000 feet.

CANMN 31
Modified oirplcneME” s
r"lV, Basic airpiane
/
/
Basic airplane \\
airplane- —t =1
V\ /,J. - \N
N /1
N [
- \—Modified airplane
,Basic and modified
airplane
—~ ] //__\\ Extrcpolated-\
[~~~
\ T
8 12 16 20 24 28 32 36
a, deg
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|.6 T 4 T T T 1
P Modified airplane —
- AU TR
. // | — b It _\__ —
Cc 8 2 A \\\
L . >
// Extrapolated
N\ .
4 'l>< fBosic airplane |~
< 4
0O Cy O 4 = =
\\ // //’ \
L~ -
N F
-4 = - - 1 “
-2 \—Modified airplane
-3
-2
C"‘a . per |
ruf:lion | " Extrapolated
Basic and modified R \
airplane T~
L1 LN
OO 4q 8 12 16 20 24 28 32 36 40
a, deg

(c) Alrplane A; Bg = -4%; M = 0.25; hp = sea level.

Figure 8.- Continued.
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Airplane B; 5g = 0°; M = 0.80; hp = 35,000 feet.

Figure 8.~ Continued.
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1.6 ==
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0
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(e) Airpleane B; 8g = 0°%; M = 0.975; hp = 35,000 feet.
Figure 8.- Continued.
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1.6
—
1.2 .~
C, 8
//'j/
4 | 9
4+~
L~
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<_~ 4—/
-2
— — — —Extrapolated
-3
c -2
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Mg, p
radian -1 —~
~
O

o 4 8 12 16 20 24 28 32
' a, deg

(f) Airplane B; 8g = 0°; M =-0.23; hp = sea level.
Figure 8.~ Concluded. -
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SO T TEER
i N
Ssp , deg 0 AN N
N
<
10 (I itch
inear pite
40 damper /7-
30 // \f“
AY
‘i \\‘\ )
a, deg 20 -
f// \
o 4 VBasic ‘\
/“airplane | \
o Modified 'airplane 4>
8
n, g 4
/_/é?““h
0]
2
8, radians /sec? 0 =13 ¥
~E N
_2 \J'
-4
10,000
I
ALy, 1b 0 I~ wﬁgf 4
-10,000
0 2 4 ] 8

Time, sec

(a) M = 0.85 at 35,000 feet {(n = 0.5 g/sec).

Figure 9.~ Typlcal time histories of ‘computed pitch-up maneuvers;
airplane A. '
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-20
P
Bs,, deg  -10 HEE= oS NANS
p ?—/_— \ \\
0
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Basic girplane !
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Linear pitch damper+~_|/ TN
20 D SEVAZER
a, deg /j\ L X/ i
) = 1-
10 — == AN
___J == | 1
Modified airplane i
0 _
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/I
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N A
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0 2 4 6 8 tO 12 14
Time, sec

(b) M = 1.20 at 35,000 feet (n = 0.5 g/sec).

Figure 9.~ Contlnued.
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-20
/’/’-"
-10}—+ = L
| — t
{ A
Ssp ? deg I‘ \
o ‘-‘ _ ‘
e
40
/ Data limit
/ /
30 /
Modified airplaney’ /
_ 7 ) /7
a, de 20 =+
’ Al 17T
rd < N
-V |1 [MBaosic airplane
10
o)
4
n, g 1_—
2
8, radians/sec®? O - g ——
-2
10,000
AL, , Ib 0 D I =
[}
-10,000
o) 4 8 l2 16 20
Time, sec

(c) M = 0.25 at sea level; initisl SSP programmed to provide gradual low-speed
stall entry.

Figure 9.- Concluded. -’
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d]\ \l\\ |__ | 0—— Basic airplane | __|
| A~~~ Medified airplane
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Flgure 10,- Variation of several response quantities with recovery-control rate; airplene A}

M = 0.85; hp = 35,000 feet.
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Figure 10.-~ Concluded.
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_}L\ \Q O——— Baslc airplane S
A— —— Modifiad airplane
20 \ 40 J C~-— Linear pitch §
S =
IBA\ \5 a6 i_ damper, Gmébmv Cmg %
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16 \ 32
L 1\ \
14 -t 28
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{2) agver and nover

Figure 1l.- Variation of several response quantities with recovery-control rete; silrplane A;
M = 1.20; hp = 35,000 feet.
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Figure 12.- Typical time histories of computed pitch-up maneuvers; agirplane B.
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